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The involvement of DNA polymerases a, p, and y in
DNA repair synthesis was investigated in subcellular
preparations of cultured hamster and human cells. A
variety of DNA damaging agents, including bleomycin,
and
alkylating
neocarzinostatin, W irradiation,
agents, were utilized to induce DNA repair. The sensitivity of repair synthesis, as well as replicative synthesis and purified DNA polymerase j3 activity, to inhibition by the DNA polymerase inhibitors dideoxythymidine triphosphate, aphidicolin, cytosine arabinoside
triphosphate, and N-ethylmaleimide was determined.
No evidence was obtained for amajor role of polymerase y in any type of repair synthesis. In both hamster
and human cells, the sensitivity of bleomycin- and neocarzinostatin-induced repair synthesis to ddlTP inhibition was essentially identical with that observed for
purified polymerase j3, indicating these repair processes proceeded through a mechanism utilitizing polymerase p. Repair synthesis induced by UV irradiation
and alkylating agents was not sensitive to ddTTP, indicating repair of these lesions occurred through a
pathway primarily utilizing a different DNA polymerase; presumably polymerase a. However, replicative
synthesis was much more sensitive to polymerase a
inhibitors than was repair synthesis
induced by UV
irradiation or alkylating agents.Neither the amountof
DNA damage nor the amount of induced repair synthesis influenced the degree to which the different DNA
polymerases were involved in repair synthesis. The
possibility that “patch size” or the actual typeof DNA
damage determines the extent to which different polymerases participate in DNA repair synthesis is discussed.

replication of SV40 amd polyoma virus DNA (3).DNA polymerase y is responsible for replicating mitochondrial DNA (1,
4) and is involved in the replication of adenovirus DNA (3).
However, which DNA polymerase(s) is responsible for DNA
repair synthesis has been the subject of recent controversy.
Earlier indirect (1,2)as well as more recent direct studies(58)implicate DNA polymerase p in repair synthesis;however,
other studies (9-11) indicate thatpolymerase a is responsible
for repair synthesis. A number of subcellular systems have
been developed to study DNA repair synthesis (5-7, 9-12),
One advantage of subcellular systems is that the effect of
DNA polymerase inhibitors which would not rapidly penetrate intact cells (ie.nucleotides) can be investigated. Using
subcellular preparations of human cells in 0-40 m~ NaCl and
UV irradiation or alkylating agents to induce DNA repair
synthesis, polymerase a was reported to be responsible for
repair synthesis (9-11). On the other hand,polymerase ,fl has
been implicated in DNA repair synthesis using subcellular
preparations of human and rodent cells in 80-120 mM NaCl
and UV irradiation (5) or bleomycin (6, 7) to induce repair
synthesis. We have been attempting to reconcile these conflicting reports and to clarify the roles of the different DNA
polymerases in repair synthesis. The effect of the saltconcentration in situ on theinvolvement of DNA polymerases a and
,8 in repair synthesis has
been reported (13).This study reports
the effect of DNA polymerase inhibitorsonDNArepair
synthesis in subcellular preparations of hamster and human
cells, using alkylating agents, UV irradiation, neocarzinostatin,
and bleomycin to damage DNA. Theeffect of the amount of
DNA damage on the involvement of the different DNA polymerases in repair synthesis is also investigated.
MATERIALS AND METHODS

There are three DNA polymerases, a, b, and y, in mammalian cells which can be differentiated by their size, subcellular location, substrate specificities, and susceptibility to
specific inhibitors (reviewed in Refs. 1and 2 ) . The role of each
polymerase in DNA metabolism has been the subjectof many
studies. Most studies indicate that
polymerase (Y is solely
responsible for nuclear DNA replication (1, 2) as well as the
* This research was supported in part by Research Grants
GM24677 from the National Institutes of Health, United States Public
Health Service, NP-300 from the American Cancer Society, and DEFG22-80PC30248 from the Department of Energy. The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisen e n t ” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
$ To whom correspondence should be addressed.
5 Present address, Division of Molecular Biology, Bethesda Research Laboratories, Inc., Gaitbersburg, MD 20877.

Reagents-Bleomycin and neocarzinostatin were kindly supplied
by Bristol Laboratories, Syracuse, NY. MNNG’ was from Aldrich,
ddTTP was from P-L Biochemicals, Inc. Aphidicolin was supplied by
Imperial Chemical Industries, Cheshire, England. [Methyl-’H]TTP
(10-20 Ci/mmol), [8-3H(N)]dATP(10-20 Ci/mmol), [methyZ-“CJTdR
(48 mCi/mmol), [methyl-’H]TdR (20 Ci/mmol), and Biofluor scintillation fluid were purchased from New England Nuclear. fd[’H]DNA
was the gift of Dr. B. Tseng. All other reagents were from Sigma.
Scintillation counting was performed in a Beckman LS-9OOO scintillation counter.
Growth of Cells-CHO cells were grown in suspension culture and
growth arrested in the GI period as previously described (12).Diploid
HF cells, designated Hs0027F, were obtained from the Naval Biosciences Laboratory, Oakland, CA and were the same cell line used by
Ciarrocchi et al. (9). H F cells were propagated in Dulbecco’s modifi‘The abbreviations used are: MNNG, N-methyl-N‘-nitro-N-nitrosoguanidine; CHO, Chinese hamster ovary; HF, human fibroblasts;
araCTP, cytosine arabinoside 5’-triphosphate; ddTTP, 2’,3’dideoxythymidine 5’-triphosphate; NEM, N-ethylmaleimide; NMU, N nitrosomethyl urea; BrdUTP, bromodeoxyuridine 5”triphosphate.
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cation of Eagles medium (Gibco, Grand
Island, NY) with 15% newborn carzinostatin activity, in agreement with other reports (19,
calf serum (Microbiological Associates). Growth-arrested(GI phase) 20); however, the presenceof a reducingagent did not enhance
cells wereobtained by placing confluent cultures in medium contain- DNA synthesis induced by bleomycin (not shown). c s c l graing 0.25% newborn serum for48 h.
dient analysisof BrdUTP-labeled DNAsynthesized in permeIn Situ DNA Synthesis-DNA replicative andDNA repair synthe- able HF cells in response to bleomycin (Fig. 1B) or neocarzisisweremeasuredin
in situ preparations of CHOandHFcells,
a lack inshift from normal
following treatment of the cells with lysolecithin tb render the cells nostatin (not shown) demonstrated
density, which is'typical of repair synthesis (17).
permeable to dNTPs (8, 12, 14). Details for treating CHO cells with
lysolecithin have been described
(12,13).HF cells were removed from MNNG and NMU,which methylate specific bases (21, 22),
100-mmculture plates with trypsin-EDTA (Gibco),
followed by wash- and UV irradiation, which creates pyrimidine dimers (2, 23),
ing 2 times at 4 "C in solution A (35 mM 4-(2-hy~oxylethyl)-l- induced DNA synthesis when growth-arrestedH F cells were
piperazineethanesulfonic acid, pH 7.4; 150 mM sucrose; 5 m~ potasexposed to these agents prior to permeabilization. Maximum
sium phosphate, pH 7.4; 5 m~ MgC12; 0.5 m~ CaCb) containing 0.2
mM phenylmethylsulfonyl fluoride, suspended in solutionA (0 "C) at DNA synthesis was obtained by treating GI cells with 50 ~ L M
MNNG or 10 mM NMU in growth medium for 1 or 2 h,
8 X lo7 cells/& and permeabilized by the addition of lysolecithin
(Sigma, Type
I) to a final concentrationof 0.5 mg/ml. DNAreplicative respectively, at 37 "C. For UV irradiation, H F cells were
and repair synthesiswere then measured in lysolecithin-treated cells rinsed with phosphate-buffered saline and
exposed to UV
as indicated below.
light at 200 microwatts/cm2 for 1 min. Following treatment
Exponentially growing CHO and HF cells were permeabilized and
used to measure replicative DNA synthesis, whereas growth arrested with the alkylating agents or UV irradiation, cells were im(GI)cells were used for DNArepair studies.For replicative synthesis, mediately collected,permeabilized, andassayedforDNA
cells were incubated at 2 X lo7 cells/ml in solution A containing 1.25 synthesis in situ. CsCl gradient analysis of BrdUTP-labeled
mM ATP, 5 mM phosphoenolpyruvate,0.1 mM CTP, GTP, UTP, 12.5
DNA synthesizedinresponse
to UV irradiation (Fig. lC),
,UM [3H]TTP (8.0 Ci/mmol), and 250 ,UM dATP, dCTP, dGTP at 37
MNNG (Fig. 1D) and NMU (not shown) demonstrated induc"C for 30 min. For DNA repair synthesis,G1 cells were treated with tion of DNA repair synthesis. When exponential CHO (12)
repair-inducing agents, before or after permeabilization
as described,
and H F (not shown) cells were permeabilized and incubated
and incubated in the same solution described for DNA replication.
Incorporation of C3H]TTP into DNA was determined as described in the DNA replication solution containing BrdUTP to density label DNA, CsCl gradient analysis demonstrated that
(12).
CsCl Gradients-To characterize DNA synthesis insitu, permea- essentially all of the labeled DNA banded at much higher
ble cells wereincubated in the DNA synthesis solution withBrdUTP than normal density. Typical values for the amount of DNA
(250 ,UM) substituted for TTP; [3H]dAT? (12.5 ,UM) was the labeled synthesized in permeable HF cells, expressed as picomoles of
nucleotide. Following incubation at 37 "C, the DNA was isolated,
sheared, denatured, and centrifuged
to equilibrium in CsCl gradients, [3H]TTP incorporated/5 X lo5 cells/30 min were: 15 for
exponential cells, 0.08 for GI cells, 1.6 for GIcells treated with
as described (15).
bleomycin, 1.2 for GI cells treated with neocarzinostatin, 0.45
Sucrose Gradients-Theamount
of DNAdamageinducedby
various agents was estimated by determining the sizeofDNAin
for GI cells treated with MNNG,0.43 for G1 cells treated with
alkaline sucrose gradients. Exponential HF cells were treated with 3 NMU,and 0.42 for GI cells treatedwith UV irradiation.
,UM [3H]TdR (0.50 Ci/mmol) for 24 h, allowed to grow to confluence
Similar valueswere obtained with CHO cells (13). These
in r3H]TdR-freemedium and growth arrested in medium containing
studies established that normal replicative synthesis can be
0.25% newborn calf serum for 48 h. The labeled cells were treated
withDNAdamaging
agents beforeor afterpermeabilization, as studied in permeable preparations of exponential CHO and
indicated,and the DNAwasisolatedand
centrifuged on 5-20% HF cells and that exposing G1-CHO and -HF cells to DNA
alkaline sucrose gradientsin a sW41 rotor at 31,000 RPM for 10 h, 15 damaging agents induces typical DNA repair synthesis
which
"C, as described (15).
can be studied in situ.
DNA Polymerase P-DNApolymerase
p was purified to near
Effect ofDNA Polymerase Inhibitors on DNA Replication
homogeneity from hamsterliversaccording to Kunkelet al. (16)
and
Repair Synthesis-Mammalian DNA polymerases a, ,f?,
through the hydroxyapatitestep.Polymerase /3 assays were performed in solution A containing 250 WM MTP, dCTP, dGTP, 1.25 and y can be differentiated by their sensitivities to specific
p~ i3H]TTP (16 Ci/mmol), 100 ,UM CTP, GTP, UTP, 1.25 mM ATP, inhibitors. Polymerase a is inhibited by aphidicolin, araCTP,
5.0 mm of phosphoenolpyruvate, and160 p g / d of DNase-activated and NEM; polymerase p is inhibited by d d T T P a n d polyDNA. Following incubation at 37 "C for60 min, incorporationof r3H] merase y is inhibited by ddTTP and NEM. Theeffect of the
TTP into DNA was determined as described (17).
concentration of DNA polymerase inhibitors on DNA replication and repair synthesisin situ, as well as on the activity
RESULTS
of purified hamster liver polymerase ,f?,was determined. In
effect of polymerase inhibitors onin situ
I n Situ DNA Synthesis-DNA replication and repair syn- order to compare the
thesis have been characterized in lysolecithin-treated CHO replicative synthesis, in situ repair synthesis induced by different DNA damaging agents and polymerase ,f3 activity, recells (12, 13). T o characterize DNA synthesis in permeable
H F cells, DNA synthesized in situ was density labeled with sults were expressed as per cent inhibition of DNA synthesis
BrdUTP and analyzed on CsCl gradients (17), as described by each polymerase inhibitor. For in situ repair synthesis,
under "Materials and Methods." In the absence of DNA- results were corrected for the effect of DNA polymerase
level of DNA synthe- inhibitors on DNA synthesisin GI-CHO and -HFcells in the
damaging agents, a small but detectable
sis was observed in permeable GI cells. This residual DNA absence of DNA damaging agents. Figs. 2-5' show the inhisynthesis was shown to
be replicative in nature, due to
a shift bition of the various types of DNAsynthesisstudied
by
to higher than normal density on CsCl gradients (Fig. lA). ddTTP, aphidicolin, araCTP, and NEM, respectively. The
Only -35%of
theDNAsynthesized
in situ bandedwith
concentration of each polymerase inhibitor which decreased
normaldensityDNA
(Fig. k4). The replicativesynthesis
the different types of DNA synthesis 50% was determined
observed in GI-HF and-CHO (13) cellsis attributed to a small
*Figs. 2-5 are presented in miniprint at the end of this paper.
Miniprint is easily read with the aid of a standard magnifying glass.
number of cells which are not growth-arrested.
Full size photocopies are available from the Journal of Biologml
Bleomycin and neocarzinostatin, which release bases and
Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request Docbreak DNA strands (18-20), induced DNA synthesis when
incubated directly with permeable
cells. Maximum DNAsyn- ument No. 82M-225,cite authors, and includea check or money order
for $2.00 per set of photocopies. Fullsize photocopies are also included
thesis was obtained with 2 p g / d of bleomycin or 50 pg/ml of in the microfilm editionof the Journal that is available from Waverly
) required for neoneocarzinostatin. Dithiothreitol ( 5 m ~ was
Press.
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FIG. 1. CsCl banding of density labeled DNA in HF cells. DNA synthesis
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in situ was conducted with BrdUTP in
place of TTP and E3H]dATP was the
radioactive deoxynucleotide. Following
incubation at 37 "C for 30 min, permeable HF cells were lysed and DNA was
isolated, sheared, denatured, and centrifuged to equilibrium onCsCl gradients
as described (15). Centrifugation was in
a Ty 75 rotor a t 45,000 rpm for 48 h, 25
"C. Fractions were collected from the
top andacid precipitated on GF/A filters
(17). A , GOcells; B,bleomycin-treated GO
cells; C, UV-irradiated GO cells; D,
MNNG-treated GOcells. 0, ['HIdAMPand BrdUMP-labeled DNA; 0, ["C]
TMP-labeled normal density marker
DNA,
CsCl density, determined with
a refractometer.
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from Figs. 2-5 and is indicated in Table I. Repair synthesis
induced by NMU and MNNG in CHO and HF cells is inhibited to the same extent by DNA polymerase inhibitors
(13).3To simplify Figs. 2-5, the data obtained with NMU is
presented in CHO cells, and data obtained with MNNG is
presented in HF cells. In CHO cells, repair synthesis induced
by bleomycin was inhibited 50% by -15 ~ L MddTTP, whereas
-900 p~ ddTTP was required to produce 50% inhibition of
repair synthesis induced by methylating agents and of replicative synthesis (Fig. 2A and Table I). Inhibition of DNA
polymerase p and of bleomycin repair synthesis inCHO cells
exhibited very similar sensitivities to inhibition by ddTTP. In
HF cells, repair synthesis induced by bleomycin and neocarzinostatin were inhibited 50% by -16 and 8 p~ ddTTP,
respectively; however, repair synthesis induced by methylating agents and UV irradiation required much higher concentrations of ddTTP (-900 p ~ to) attain 50% inhibition. These
studies demonstrate that DNA repair synthesis induced by
bleomycin or neocarzinostaiin is much more sensitive to
ddTTP inhibition than is repair synthesis induced by NMU,
MNNG, or UV irradiation.
The effect of aphidicolin on DNA synthesis in situ is shown
in Fig. 3 and Table I. In both CHO and HF cells, replication
was much more sensitive to aphidicolin than was repair synthesis induced by any agent. At all concentrations of aphidiColin tested (1-20 ,ug/ml), purified DNA polymerase ,!?was
unaffected.
As observed with aphidicolin (Fig. 3), DNA replication in
both CHO and HF cells was inhibited by much lower concentrations of araCTP (50% inhibition at 235 p~ araCTP) than
was repair synthesis induced by any of the DNA-damaging
a M. R. Miller and D. N. Chinault, unpublished information.

TABLE
I
Concentration of DNA polymerase inhibitors which decrease DNA
synthesis 50%
Using the datapresented in Figs. 2-5, the concentrations of ddTTP,
aphidicolin, araCTP, and NEM which decrease replication or repair
synthesis induced by different agents 50% in CHO and HF cells are
indicated below. The concentration of inhibitors which reduce the
activity of purified hamster liver DNA polymerase p 50% is also
indicated. N.E. indicates no effect, and * indicates the highest concentration of inhibitor tested reduced DNA synthesis 30%.
DNA synthesis

ddTTP
PM

Hamster
Replication
Bleomycin repair
NMU repair
Polymerase /3
Human
Replication
Bleomycin repair
Neocarzinostatin repair
MNNG repair
UV repair

800
15
lo00

10
270
16
8
700
1100

araCTP

NEM

M!/ml

PM

PM

0.9

35
1100
1100
1100;

280
550
90
N.E.

14

35
1100;

300
650

20
20 170
680

1100
750
1100

18

5
N.E.

0.6

agents tested (Fig. 4 and Table I). Purified DNA polymerase
,!? was significantly inhibited by high concentrations of
araCTP; 1.1mM araCTP inhibited polymerase p ~ 3 0 %
(Fig.

a).
The effect of NEM on DNA synthesis in permeable CHO
and HFcells is shown in Fig. 5 and TableI. In both cell lines,
bleomycin-induced repairsynthesis was least sensitive to
NEM; 50% inhibition occurred at -600 p~ NEM. Replication
in both cells was inhibited 50% by -290
NEM. In CHO
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TABLEI1
cells, NMU repair synthesis was inhibited 50% at -90 p~
DNA repair synthesis at varying Concentrations of bleomycin
NEM, and in HF cells, UV irradiation and MNNG-induced
and MNNG
repair synthesis were inhibited 50% at =80 and 170 p~ NEM,
HF cells were treated with 0.75 or 5 p g / d of bleomycin, 0.05 or
respectively. The ability of neocarzinostatin to damage DNA
0.25 mM MNNG, as indicated in Fig. 6. DNA repair synthesis was
was dependent on reducing agents and was strongly inhibited then
measured in situ in the presence or absence of 100 pM ddTTP,
by NEM; therefore, the sensitivity of neocarzinostatin-in- 40 p g / d of aphidicolin, 1.1 mM araCTP, or 200pM NEM. The amount
duced repair synthesis to NEMwas not reported.
of repair synthesis induced by bleomycin or MNNG in the absence of
Amount of DNA Damage-The possibility that the amount DNA polymerase inhibitors is indicated below as pmol of TTP/5 X
the rangeof three experiments. The %
of DNA damage influenced the extent towhich the different IO5 cells/30 minandis
DNA polymerases participated in repair synthesis was inves- inhibition of repair synthesis by each DNA polymerase inhibitor is
tigatedin HF cells. HI? cells were treated with different indicated below and is the average of three experiments.
Inhibition of repair synthesis
concentrations of MNNG and bleomycin and the amount of
Repair
synthesis
DNA damage was estimated. Bleomycin directlyreleases
ddTTP
araCTP NEM
bases and breaks DNA strands (18, 24) and the amount of
%
DNA damage generated by bleomycin can be quantitated by
0.56-1.33
70 37
49
0
determining the average size of DNA on alkaline sucrose 0.75 p g / d of
bleomycin
gradients. MNNG methylates the following DNA bases; gua0.62-0.82
29
56
64
0
nine at N-7, adenine at N-3, and guanine at 0-6, in the relative 5.0 p g / d of
bleomycin
proportions 801423, respectively (21, 22). The N-methylated 0.05 IilM
0.38-0.42
27
62
61
64
DNA bases are heat labile and can be selectively and quantiMNNG
tatively released by heating DNA at 45 "C for 18 h, resulting 0.25 n m
570.21-0.44
67
32
60
MNNG
in apurinic sites (22). Subsequent treatment of the DNA with
alkali results in specifically cleaving the DNA at apurinic
sites. Following MNNG treatment, the amount
of DNA damFig. 6 shows the effect of MNNG and bleomycin treatment
age can, therefore, be estimated by heating the DNA at 45 "C
for 18 h, then determining the average size of the DNA on on the size of DNA determined on alkaline sucrose gradients.
alkaline sucrose gradients. HF cells, prelabeled with [3H]TdR, DNA prepared from cells not treated with DNA damaging
were treated with 0.05 and 0.25 rn MNNG or with 0.75 and agents sedimented to the bottom of gradients (not shown).
5 p g / d of bleomycin. The DNA from control, MNNG-, and The average size of DNA after treatment with 0.25 and 0.05
bleomycin-treated cells was isolated as described (17), which mM MNNG was estimated to be 11.8 and 17.6 S, respectively,
involved heating at 45 "C, for 18 h, and analyzed on alkaline while treatment with 5 and 0.75 p g / m l of bleomycin generated
15.3 and 25.9 S DNA, respectively (Fig. 6). We estimate that
sucrose gradients.
0.25 l l l ~MNNG created -1 lesion/l.4 k bases, 5 pg/ml of
bleomycin created -1 lesion/3.0 k bases, 0.05 m MNNG
created -1 lesion/4.5 k bases, and 0.75 p g / d of bleomycin
created -1 lesion/13.4 k bases. Thus, the amount of damage
created by 5 pg/ml of bleomycin was within the range of the
amount of damage produced by 0.25-0.05 m MNNG.
Identical cultures of HF cells were also treated with 0.05
and 0.25 m MNNG and with 0.75 and 5 pg/ml of bleomycin
and used to measure DNA repair synthesis in situ. Table I1
shows the effect of DNA polymerase inhibitors on repair
synthesis induced by the different concentrationsof bleomycin
and MNNG. The range in amount of DNA repair synthesis
induced by different concentrations of DNA-damaging agents
in different experiments is also presented in Table 11. Although different concentrations of bleomycin and MNNG
altered the amount of DNA damage (Fig. 6), the ability of
DNA polymerase inhibitors to decrease repair synthesis was
not significantly affected by the amount of DNA damage
(Table TI). The values for per cent inhibition of repair synthesis by polymerase inhibitors at 0.75 and 5 pg/ml of bleomycin
and at 0.05 and 0.25 nm MNNG (Table 11) agree well with
FRACTI'ON NUMBER
'PIC. 6. Alkaline sucrose gradient analysis of HF cell DNA the per cent inhibition at 2 pg/ml of bleomycin and 0.05 rn
following exposure to different concentrations of bleomycin MNNG reported in Figs. 2B-5B.
and MNNG. Intact HF cells were treated with 0.25 (A) or 0.05 mM
MNNG (C) for 1 h, then permeabilized with lysolecithin and incubated at 37 "C for 15 min. Permeable HF cells were treated with 5
( B ) or 0.75 p g / m l of bleomycin (D).
The DNA was then isolated and
analyzed on 5-20% alkaline sucrose gradients as described under
"Materials and Methods." Centrifugation was in an SW41 rotor for
10 h, at 31,000 rpm, 15 "C. Fractions were collected from the top and
acid precipitated onto Whatman GF/A filters as described (17). ['HI
DNA applied to each gradient was between 800,000 and 850,000cpm,
and >90% of applied tritium was recovered. The Beckman LS-9ooO
liquid scintillation counter was programmed for digital integration
and automatic quench corrections and the normalized plots derived
by the scintillation counter are shown above. Arrows indicate the
position of fd DNA.

DISCUSSION

Although the DNA polymerase inhibitors used in this study
are not absolutely specific, the differential effect of the inhibitors on DNA repair synthesis induced by different agents
helps clarify the role of polymerases a,b, and y in DNA repair
synthesis. A primary role of DNA polymerase y in repair
synthesis would be indicated by inhibition of repair synthesis
by relatively low concentrations of ddTTP as well as NEM;
however, such inhibition was not observed in repair synthesis
induced by any of the agents studied (Table I). Polymerase
y , therefore, appears to play a minor, if any, role in DNA
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repair synthesis in
mammalian cells. Repair synthesisinduced polymerase /3 was responsible for UV-induced repair synthesis
by MNNG, NMU, or UV irradiation was relatively insensitive in human neuronal nuclei. These cells did not contain polymto ddTTP, whereas repair induced by bleomycin or neocar- erase (Y and may be viewed as atypical or special cells.
zinostatin was inhibited by much lower concentrations of
At least three factors maybe involved in determining which
ddTTP (Fig. 2). This observation suggests that differentDNA polymerase participates in repair synthesis 1) the amount of
polymerases are involved in repairing different typesof DNA DNA damage, 2) the “patch size” of repaired DNA and 3) the
damage. The similarity of ddTTP inhibition of neocarzin- actual typeof damage being repaired. Data in this report(Fig.
ostatinand bleomycin repairto the ddTTP inhibition of 6 and Table 11) indicate that the amount of DNA damage
purified polymerase /3 (Fig. 2) indicated that polymerase /3 does not significantly alter the involvement of polymerase ,8
was primarily responsible for repairsynthesis induced by or the ddTTP-insensitive polymerase. The size of DNA resynthese two agents. Although very high concentrations of thesized after damage by some agents, such as X irradiation,
araCTP inhibited repair synthesisinduced by bleomycin and is relatively small (1-5 nucleotides) and is termed “short
neocarzinostatin, similar conentrations of araCTP also in- patch,” whereas longer areas of DNA (-100 nucleotides) are
hibited polymerase /3 (Fig. 4). It is difficult to explain why synthesized in response to agents such as UV irradiation (23)
repair synthesis induced by neocarzinostatin and bleomycin and alkylating agents (22). Because DNA polymerase a rewas inhibited by high levels of aphidicolin, but purified polym- quires a gap ranging from -25-50 nucleotides toinitiate
erase p was not inhibited by aphidicolin (Fig. 3). This obser- synthesis, while polymerase /3 is active on DNA with smaller
vation may indicate that: 1) polymerase /3 is required for one gaps, Grossman (30) and Cleaver (31) have hypothesized that
step in bleomycin or neocarzinostatin repair synthesis while the patch size may influence which polymerase participates in
polymerase a is required for a different step, 2) polymerase p repair synthesis. We offer an alternative explanation of our
alone resynthesizes most of the DNA areas damaged by findings. During repair of many types of DNA damage, incibleomycin and neocarzinostatin, and polymerase a alone re- sion processes create 3’ and 5’ termini on damaged DNA
synthesizes other areas or 3) in addition to polymerase a, strands which are susceptible to typical repair nucleases. The
aphidicolin interacts with another cellular protein(s) in such repair nucleases create gaps (“short” or “long”) which are
a manner to reduce polymerase p activity in situ. Indeed, acted on by a ddTTP-insensitive polymerase. On the other
decreased sensitivity of polymerase a to aphidicolin during hand, bleomycin and neocarzinostatin create breaks in DNA
purifkation has been interpreted as loss of a polymerase a which may not be susceptible to the same repair nucleases.
After bleomycin treatment, the3’ end of the broken strand is
accessory protein which interacts with aphidicolin (25,26).
Repair synthesis induced by MNNG, NMU, and UV irra- “blocked” by a CH2-CH-COOH group (26), and following
diation were inhibited only by high concentrations of ddTTP, neocarzinostatin treatment, the5‘ end appearsto be “blocked“
which also inhibits polymerase a (Fig. l).4The lack of sensi- by a residual sugar moiety (32). Such blocked termini may
tivity of repair synthesis induced by methylating agents and not be substrates for typical repair nucleases. Repair of damUV irradiation to ddTTP indicated that neither polymerase aged DNA containing blocked termini may requireexcision of
p nor (Y participated in these repair synthesisprocesses. How- blocked termini by a polymerase /3 associated nuclease, folever, MNNG-, NMU-, and UV-induced repair were much less lowedby resynthesis primarily, but not necessarily exclusensitive to both aphidicolin and araCTP than
was replication. sively, with polymerase p. An example of such a nuclease is
A strong correlation between sensitivity of polymerase a and DNase V, described by Mosbaugh and Meyer (33). Studies
sensitivity of repair synthesis induced by MNNG, NMU, and are in progress to test this hypothesis.
Another factor which may contribute to our results is that
UV irradiation to polymerase a inhibitors has not been established, Thus, while polymerase p appears to be involved in bleomycin-and neocarzinostatin-inducedrepair synthesiswere
repair of bleomycin or neocarzinostatin damage, we can only initiated in permeable cells, whereas MNNG, NMU, and UV
conclude that a ddTTP-insensitive polymerase is responsible repair synthesis were initiated in intact cells. Preparation of
for repairing MNNG, NMU, and UV irradiation damage. Our in situ cell systems may alter initiation of normal repair
results may indicate that different forms of DNA polymerase processes in some fashion, causing DNA polymerases to participate differentlyin repair synthesis.It will be imperativeto
a, (28, 29), with different sensitivities to aphidicolin and
araCTP, participate in DNA replication and repair synthesis investigate this possibility to determine whether in situ SYSor that a novel polymerase is involved in MNNG-, NMU-, and tems are valid models for studying DNA repair synthesis.
UV-induced repair synthesis.
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is difticult since, in additionto polymerases a and y , any other
proteins requiring a sulfhydryl group for activity would be
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